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The hot pressing kinetics of molybdenum disulfide and molybdenum 
disulfide -silver compositions, which are of interest as electrical con- 
ductors in a vacuum, have been studied. The rate of sintering is 
described by the first-order rate equation of Murray et al. as being a 
molybdenum disulfide controlled plastic flow mechanism. The diffusion 
of silver is a second process occurring over the temperature range of 
hot pressing. The electrical conduction mechanism as a function o| 
both composition and fabrication temperature is discussed. 
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FOREWORD 


The space oriented research and development programs being performed 
by and for the National Aeronautics and Space Administration provide a continuous 
flow of new and sometimes unique technological developments. It is the policy of 
NASA to give these new developments the widest possible dissemination so that 
the people may benefit from this vast storehouse of knowledge. 

In keeping with its charter, the NASA's Administrator established the 
Technology Utilization program under the Office of Technology Utilization. The 
technological information is identified by the various NASA field centers from 
in-house and contractor related projects, screened for possible industrial ap- 
plications, documented and disseminated to industry. 

This document is in direct support of the policy that all new technology 
gained through the various research and development programs performed by 
and for the National Aeronautics and Space Administration should be made 
available to the people. The information contained in this report is a result of 
work done by a NASA contractor for the cognizant laboratory or office of the 
George C. Marshall Space Flight Center. 

Additional information may be obtained from: 

The Chief, Technology Utilization Office 
Code MS-T 

George C . Marshall Space Flight Center 
National Aeronautics and Space Administration 
Huntsville, Alabama 35812 
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SUMMARY 

The hot pressing kinetics of molybdenum disulfide and molybdenum 
disulfide- silver compositions, which are of interest as electrical brush 
materials in a vacuum, have been studied. The rate of sintering is 
described by the first-order rate equation of Murray et al. as being a 
molybdenum disulfide controlled plastic flow mechanism. The diffusion 
of silver is a second process occurring over the temperature range of 
hot pressing. The electrical conduction mechanism is a function of 
both composition and fabrication temperature. The transition from the 
non-metallic conduction process, characteristic of molybdenum disul- 
fide, to that of metallic silver occurs within the range of 13. 8% to 26% 
of silver. The non-metallic conduction occurs through positive hole 
conduction. A 55. 9% MoS 2 -44. 1% Ag composition, hot pressed at 
temperatures of 593° to 927° C (1100° - 1700° F) and at 3500 psi, had non- 
metallic conduction up to 680° C (1256° F). In the vicinity of 680° to 704° C 
(1256° - 1300° F), the conduction process changed from non-metallic to 
metallic. At 927° C (1700°F), the composition had the electrical char 
teristics of a degenerate semiconductor. 

INTRODUCTION 

Graphite electrical contact brushes containing metallic halide 
additives utilized in high altitude aircraft do not perform satisfactorily 
in a space environment. They were designed to operate with reasonable 
overhaul life in atmospheres of low oxygen and low water vapor content 
and will not function properly in vacuum. This has led to a program at 
Marshall Space Flight Center to develop and evaluate other, materials. 
These materials included molybdenum disulfide compositions containing 
metallic additives. The molybdenum disulfide has the hexagonal plate- 
let structure of graphite, but the bonding of the layers is dependent 
upon forces other than those of the absorbed gases and water as in 
graphite. Consequently, molybdenum disulfide maintains its structure 
in a vacuum and provides the requisite lubricity for electrical contact 
brushes operating in a space environment. The metallic additives 
provide the required electrical conductivity. 





The evaluation of hot pressed molybdenum disulfide and metallic 
powder compositions for use as electrical contact brushes in vacuum 
has been reported by Horton (Ref. 1 and 2). The materials develop- 
ment program and hot pressing procedures used for fabricating these 
materials have been described by King (Ref. 3). Compositions of hot 
pressed molybdenum disulfide containing metallic silver have shown 
promise. Long periods of wear life have been obtained with a particu- 
lar composition, but the results have not been reproducible since the 
periods of wear life vary from specimen to specimen. 

An analysis of the variation in wear life of the hot pressed molyb- 
denum disulfide- silver compositions has been reported by Ulrich (Ref. 
4). The variation in wear life of a 55. 9% MoSj - 44. 1% Ag (wt ) 
composition was analyzed to determine the contribution of brush 
composition (and processing to failure and the mechanisms of failure). 
The wear life of the brushes was determined to vary inversely with the 
volume of free silver at the wear surfaces. The variable silver con- 
centration in the brush specimens was due to an irregular silver distri- 
bution in the hot pressed slugs from which the brushes were cut. It 
was determined that this occurred predominantly from migration of the 
silver during hot pre'ssing. 

The findings of the analysis indicated that further study of the 
ceramic properties of molybdenum disulfide and molybdenum disulfide 
containing silver additions was necessary. In this investigation, a 
study of the hot pressing kinetics of molybdenum disulfide and molyb- 
denum disulfide containing silver additions was undertaken. The adapta< 
bility of a plastic flow model for explaining the sintering process has 
been tested. The nature of the silver migration process over the 
temperature range of hot pressing was determined. The electrical 
conduction properties as a function of fabrication temperature and of 
compositions and temperature are described herein. For a better 
understanding of the recently acquired data presented in this report, 
a few of the results of the analysis (Ref. 4) and the hot pressing proce- 
dure (Ref. 3) have been restated. 
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EXPERIMENTAL PROCEDURE 


Commercial grade molybdenum disulfide supplied by the McGee 
Chemical Company and silver from the Martin-Marietta Corporation 
were used in pressure sintering. Compositions containing up to and 
including 57.4% (wt) silver were hot pressed at 3500 psi and 927°C 
(1700° F). A composition of 55. 9% molybdenum disulfide and 44. 1% 
silver was hot pressed at 3500 psi and temperatures of 593°C (1100° F), 
680° C (1256° F), 704° C (1300° F), 732° C (1350° F), 760° C (1400° F), 815° C 
(1500° F), 871° C (1600° F) and 927° C (1700° F). The powdered sample and 
graphite mold were placed in a cold furnace, and pressure was applied 
before heating. The time interval during isothermal pressing was 
measured from the time of attainment of the desired temperature until 
the release of pressure. 

For electrical conductivity measurements, rectangular specimens 
were cut and machined from the hot pressed specimens in the dimen- 
sional ratio of thickness: width: length of 1:3:9. The specimens were 
cut so that 1 and w were in the plane normal to the direction of applied 
pressure. The specimens were electroded with a fired-on silver prep- 
aration so that the potential probe or "four point" method for measuring 
electrical resistivity could be utilized. This method eliminates the 
errors that could be introduced by stray electromotive forces at the elec- 
trode interfaces. The surface conductivity of fired-on silver is much 
higher than that of air-dried silver. The resistance was measured on a 
Keithley Model 503 Milliohmmeter. The resistivity and conductivity 
were calculated as functions of temperature. 

The crystalline phases present and the silver distribution over both 
the temperature and compositional range of hot pressing were examined 
by X-ray techniques and reflected light microscopy. 

RESULTS AND DISCUSSION 

The relative density of specimens hot pressed at 927° C (1700° F) is 
plotted against silver content in FIG 1, which shows that the relative 
density increases with increased silver. The increase in relative 
density with rising temperature for the 100%, 74%, and 55. 9% molyb- 
denum disulfide compositions while under pressure is shown in FIG 2. 
The electrical conductivity of the specimens hot pressed at 927° C (1700° 
F) as a function of silver content is shown in FIG 3. Hexagonal molyb- 
denum disulfide coexists with metallic silver in these bodies. No minor 
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crystalline phases such as silver sulfide were detected when the speci- 
mens were exposed for 15 hours, using the Debye Scherrer technique. 

The electrical conductivities as a function of temperature are 
plotted in FIG 4. The conductivities of the 100% and 86. 2% MoS 2 
bodies lie within the same order of magnitude. Both follow an 
Arrhenius plot, having the negative coefficients of resistivity or posi- 
tive coefficients of conductivity which are characteristic of non-metallic 
conduction. The activation energies of the 100% and 86. 2% MoS 2 compo- 
sitions are 0.27 and 0.20 eV, respectively. Hall effect measurements 
show that these compositions are p type semiconductors, the dominant 
conduction process being through hole conduction. 

The non-metallic to metallic conduction transition occurs within 
the volume range of 13. 8% to 26% of silver. A composition of 74% 

MoS 2 had a negative coefficient of conductivity, the slope of the plot 
being the same as that of metallic silver. 

Several test specimens were cut from hot pressed slugs of the 
55.9% MoS 2 composition. The room temperature resistivities varied 
from 10“5 to 10-3 ohm-cm, which are in between those of good semi- 
conductors and conductors (FIG 4). They have positive temperature 
coefficients of resistivity and can be classified as degenerate semi- 
conductors. The specimens of high conductivity have been found to 
have a higher silver content than those of lower conductivity. This 
indicates an irregular silver distribution in the hot pressed 55. 9% 

MoS 2 samples. The silver was well distributed throughout unfired dry 
pressed samples. When dry pressed samples were sintered in an 
electric kiln at 927° C (1700° F), it was determined that the silver mi- 
grated to the lower surface of the specimens (relative to their position 
in the kiln); the upper surface was rich in MoS 2 . Thus, excessive 
silver migration occurs when the 55. 9% MoS 2 composition is fired in the 
absence of increased pressure. 

This excessive silver migration did not occur when the compositions 
were hot pressed, but there was some redistribution. In the specimens 
that were hot pressed at 3500 psi at lower temperatures, the redistribu- 
tion increased with increasing processing temperature so that by 927° C 
(1700° F) the irregularity was sufficient to produce variations in electri- 
cal conductivity. Fight miscroscopy shows that the silver is distributed 
in localized concentrations throughout a molybdenum disulfide matrix. 
This suggests that during hot pressing there is a migration of silver to 
the locations of lowest free energy. Diffusion flow is responsible for 
the sintering of metallic silver (Ref. 5). 
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The rate equation of Murray, Livey, and Williams (Ref. 6) for 
describing the pressure sintering of ceramics was tested to determine 
if it would describe the hot pressing of the molybdenum disulfide -silver 
compositions using the experimental results of the 55. 9% MoS 2 -44. 1% 

Ag compositions. This equation is representative of the hot pressing 
of aluminum oxide (Ref. 7) and fused silica (Ref. 8). The rate equation 
has the form of a first-order kinetic curve 

dD _ 3P (1-D) 

dt 4r| 

where D is the relative density, P is the applied pressure, and -r) is the 
viscosity. Integration gives 

In (1-D) = I - t + C. 

A plot of In (1-D) versus time t should give a straight line from which 
the viscosity can be calculated for isothermal pressing. This relation 
was substantiated in the present study. The isothermal plots of In 
(1-D) versus time are given in FIG 5. Since the rate equation is 
based on the flow characteristics of a Bingham body, the pressure 
effect on the rate of sintering is controlled by a plastic flow mechanism. 
The viscosity of the 55. 9% MoS 2 composition at 927° C (1700°F) is the 
same as that of 100% MoS 2 (FIG 5), which indicates that the density 
is controlled by the molybdenum disulfide. A plot of the log of the 
viscosity versus the reciprocal of absolute temperature is shown in 
FIG 6. This suggests that the sintering mechanism is a thermally 
activated process, the activation energy being 18. 7 kcal per mole. 

Since X-ray and microscopy have shown a silver migration, a silver 
diffusion mechanism is accompanying the plastic flow mechanism of 
the molybdenum disulfide. 

The conductivity-temperature measurements of the 55. 9% MoS 2 
bodies with hot pressing temperatures over the range of 593° to 877° C 
(1100° - 1612° F) are shown in FIG 7. The room temperature conductivity 
increases with increased fabricating temperature. With fabricating 
temperatures in the vicinity of 680° to 704° C (1256° - 1300° F), the 
conduction process changes from non- metallic to metallic; i. e. , the, ^ , 

conduction process is characteristic of metallic silver. The slope ( 
of the 593°C (1100°F) body is nearly the same as that of 100% MoS 2 . 
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The change to non-metallic conduction is abrupt; the transition tempera- 
ture has varied between 680° to 704°C (1256° - 1300°F) in different trials 


CONCLUSIONS 

The first-order rate equation of Murray et al. has been experimen- 
tally verified, indicating that the rate of sintering is described by a 
molybdenum disulfide controlled plastic flow mechanism. A second 
mechanism occurring over the temperature range of hot pressing is 
the diffusion flow of silver. The transition from the non-metallic 
conduction process, characteristic of molybdenum disulfide, to that of 
metallic silver occurs within the range of 13. 8% to 26% of silver. The 
non-metallic conduction occurs through positive hole conduction. A 
55. 9% MoS 2 - 44. 1% Ag composition, hot pressed at temperatures of 
593° to 927° C (1100° - 1700° F) and at 3500 psi, had non-metallic conduc- 
tion up to 680° C (1256° F). In the vicinity of 680° to 704° C (1256° - 
1300° F), the conduction process changed from non-metallic to metallic. 
At 927° C (1700° F), the composition had the electrical characteristics of 
a degenerate semiconductor. 
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FIGURE 1. Relative End-Point Density as a Function of MoS 2 - 
Ag Hot Pressed at 927° C and 3500 PSI 
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FIGURE 4. Conductivity as a Function of 1/T for MoS 2 - 
Ag Compositions Hot Pressed at 927° C and 
3500 psi 
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FIGURE 6. Viscosity as a Function of 1/T and Fabricating 
Temperature for Hot Pressed MoS 2 and 55. 9% 
MoS 2 - 44. 1% Ag Compositions 












REFERENCES 


1. Horton, J. C. , "Electrical Contacts in Vacuum (A) Brushes: 

Status Report No. 1," MTP-S&M-M-61-19, October 1961. 

2. Horton, J. C. , "Electrical Contracts in Vacuum (A) Brushes: 
Status Report No. 2," MTP-P& VE-M-62-17, December 1962. 

• 3. King, H. M. , "Hot Pressed Molybdenum Disulfide -Metallic 

Powder Compositions for Use as Electrical Contacts in Vacuum, " 
(MSFC Technical Paper being processed). 

4. Ulrich, D. R. , "An Analysis of the Variation in Wear Life of Hot 
Pressed Molybdenum Disulfide -Silver Electrical Contact Brushes 
in Vacuum, " (MSFC Technical Paper being processed). 

5. Kuczynski, G. C. , "Measurement of Self -Diffusion of Silver 
Without Radioactive Tracers," J. Appl. Phys. , 21 (7) 632-35 
(1950). 

6. Murray, P. , Livey, D. T. , and Williams, J. , "Hot Pressing of 
Ceramics, " pp. 147-71 in Ceramic Fabrication Processes (W. D. 
Kingery, editor). Technology Press of Massachusetts Institute of 
Technology and John Wiley & Sons, Inc., New York, 1958. 

7. Mangsen, G. E. , Lambertson, W. A. , and Best, B. , "Hot 
Pressing of Aluminum Oxide, " J. Am. Ceram. Soc. , 43 (2) 55-59 
(I960). 

8. Vasilos, T. , "Hot Pressing of Fused Silica," J. Am. Ceram. Soc., 
43 (10) 517-19 (I960). 


14 


NASA TM X-53111 


APPROVAL 


August 19, 1964 


THE KINETICS OF THE SINTERING OF HOT PRESSED 

MOLYBDENUM DISULFIDE AND MOLYBDENUM DISULFIDE- 
SILVER COMPOSITIONS AND THE EFFECT ON THE 
ELECTRICAL CONDUCTION PROCESSES 

By 

Donald R. Ulrich 
and 

Harry M. King 

The information in this report has been reviewed for security 
classification. Review of any information concerning Department of 
Defense or Atomic Energy Commission programs has been made by 
the MSFC Security Classification Officer. This report, in its entirety, 
has been determined to be unclassified. 

This document has also been reviewed and approved for technical 
accuracy. 






E. SHANNON 
Chief, Non-Metallic Mate] 



Is Branch 




F.~B. CLINE' 

Acting Director, Propulsion and Vehicle Engineering Laboratory 



DISTRIBUTION 


R-P&VE-DIR 

Mr. 

Cline 

R-P&VE-DIR 

Mr. 

Palaoro 

R-P&VE-V 

Mr. 

Aberg 

R-P&VE-S 

Mr. 

Kroll 

R-P&VE-P 

Mr. 

Paul 

R-P&VE-M 

Dr. 

Lucas (5) 

R-P&VE-MN 

Mr. 

Shannon 

R-P&VE-MC 

Mr. 

Riehl 

R-P&VE-ME 

Mr. 

Kingsbury 

R-P&VE-MM 

Mr. 

Cataldo 

R-P&VE-MNC 

(15) 


R-P&VE-MNP 

Mr. 

Curry 

R-P&VE-MNM 

Dr. 

Stuckey 

R-P&VE-RT 

Mr. 

Hofues 

MS -IP 

Mr. 

Remer 

MS-IPL 

Miss Robertson (8) 

CC-P 

Mr. 

Reece 

MS-H 

Mr. 

Akens 

MS-T 

Mr. 

Wiggins 


DIR 

DEP-T 

HME-P 


Scientific and Technical Information Facility (25) 

Attn: NASA Representative 

(S-AK/RKT) 

P. O. Box 5700 
Bethesda, Maryland 20014 


